Developmental exposure to estrogenic chemicals induces morphological, functional, and behavioral anomalies associated with reproduction. Humans are exposed to bisphenol-A (BPA), an estrogenic compound that leaches from dental materials and plastic food and beverage containers. The aim of the present study was to determine the effects of perinatal exposure to low, environmentally relevant doses of BPA [25 and 250 ng BPA/kg body weight (bw)⅐d] on the peripubertal development of the mammary gland. BPA exposure enhanced the mammary glands' sensitivity to estradiol in ovariectomized CD-1 mice. In their intact 30-d-old littermates, the area and numbers of terminal end buds relative to the gland ductal area increased whereas their apoptotic activity decreased. There was a positive correlation between ductal length and the age at first proestrus; that was reduced as the BPA dose increased, suggesting that BPA exposure slows down ductal invasion of the stroma. There was also a significant increase of progesterone receptor-positive ductal epithelial cells that were localized in clusters, suggesting future branching points. Indeed, lateral branching was significantly enhanced at 4 months of age in mice exposed to 25 ng BPA /kg bw⅐d. In conclusion, perinatal exposure to environmentally relevant BPA doses results in persistent alterations in mammary gland morphogenesis. Of special concern is the increased terminal end bud density at puberty as well as the increased number of terminal ends reported previously in adult animals, as these two structures are the sites at which cancer arises in humans and rodents. (Endocrinology 146: 4138 -4147, 2005) 
P
ERTURBATIONS IN THE fetal environment may predispose individuals to disease and/or dysfunction, such as hypertension and coronary heart disease that become apparent in adulthood (1) . Epidemiological studies also suggest that the intrauterine milieu may have an influential role in predisposing an individual to carcinogenesis. For example, dizygotic twin births correlate with an increased incidence of breast cancer in female siblings (2) ; on the other hand, females born to mothers who had eclampsia or preeclampsia, have a decreased breast cancer risk. These outcomes have been attributed to changes in the fetal hormonal milieu, in particular estrogens (3) . The mechanisms underlying this observation are presently unknown.
During the last decade, observations made in the estrogen receptor (ER)-␣ and -␤ knockout models suggested that the mammary gland develops in an estrogen-independent manner until puberty (4, 5) . The corollary of this particular view of development was that perinatal exposure to exogenous estrogens would have no effect on the development of the mammary gland. This concept was reinforced by the fact that the mouse mammary gland does not express a proliferative response to estrogens before the third week of age (6) . However, administration of supraphysiological doses of estradiol (E 2 ) (i.e. doses of 35 g/mouse⅐d or higher) to mice at postnatal d (PNDs) 1-5 resulted in changes in the mammary gland, such as increased ductal branching, which did not become obvious until the fifth week of life (7) . Similarly, prenatal exposure to pharmacological levels of the estrogen diethylstilbestrol (DES) enhanced the sensitivity of the gland to hormones and carcinogens administered during adulthood, thus increasing mammary cancer incidence in rodent models (8, 9) . These studies required addressing the notoriously pathological effects of in utero exposure to high doses of DES in humans (10, 11) . Presently the concern about effects of estrogen exposure is focused on a far more subtle exposure, represented by environmental estrogens, which may affect mammary gland development and/or enhance the risk of breast cancer later in life.
Over the last 60 yr, humans have been exposed to a plethora of synthetic hormonally active chemicals overtly because of their deliberate use in agriculture and medicine; inadvertently as byproducts of industrial use; or as waste released into rivers, lakes, and the atmosphere. Environmental exposure to these chemicals has coincided with an increase in endocrine-related diseases of the male reproductive system (12) and increases in testicular (13) and breast cancers (14) .
Among the endocrine disruptors, bisphenol-A (BPA) is receiving increased attention due to its high potential for human exposure. Used in the manufacture of polycarbonate plastics and epoxy resins, BPA leaches from food containers (15) , beverage containers (16) , and dental sealants and composites (17) under normal conditions of use (18) . BPA is also used in the manufacture of many products in addition to those stated above (19) , which would further increase levels of human exposure to this compound. These reports suggest that humans routinely ingest BPA. Indeed, a recently published study, the first involving a reference human population (394 samples analyzed), reported that BPA was found in 95% of the urine samples (20) . In a smaller study (36 samples analyzed), Arakawa et al. (21) reported a median daily urinary excretion of BPA of 1.2 g/d and a maximum daily intake of BPA per body weight to be 0.23 g/kg⅐d.
Before these studies, research on the effects of low-dose BPA exposure in animal models have used measurements of the amount of BPA leached from food cans, containers, and dental sealants as guidance for estimating a plausible exposure range of 2-20 g BPA/kg body weight (bw)⅐d administered orally (22) . BPA has recently been measured in human sera (adult men: 1.49 Ϯ 0.11 ng/ml; adult women: 0.64 Ϯ 0.10 ng/ml) (23), the maternal and fetal plasma, and placental tissue at birth in humans (24, 25) . The concentration of BPA in amniotic fluid was approximately 5-fold higher than that measured in maternal plasma. The range of BPA concentrations assessed in the placenta was 1-100 ng/g with a median level of 12 ng/g, whereas in fetal plasma, levels ranged from 0.2 to 9.2 ng/ml. Recognizing that it is not feasible to delineate definitive exposure levels from the existing data, we have chosen to administer 25 and 250 ng BPA/kg bw⅐d sc by means of osmotic pumps to female mice on d 9 of pregnancy until PND4. Based on the data reported by Arakawa et al. (21), we estimate that this level of BPA exposure should fall within the range of human exposures reported to date.
Intrauterine exposure to BPA has been shown to advance puberty and disrupt estrous cyclicity in mice (26 -28) . Although the mechanism by which BPA is able to induce developmental abnormalities in estrogen-target tissues is unknown, it is plausible that ERs may mediate BPA-induced effects because this chemical binds both ER␣ and ER␤ (29 -31) . Interaction between BPA and ERs may take place during fetal development because ER␣ and ER␤ are first detected in the mouse mammary gland primordium at d 12.5 of gestation (32) .
The purpose of the present study was to test whether in utero and neonatal exposure to environmentally relevant levels of BPA alters the peripubertal development of the mammary gland.
Materials and Methods Animals
Sexually mature female CD-1 mice (8 wk of age; Charles River Laboratories, Wilmington, MA) were maintained in temperature-controlled and light-controlled (14-h light, 10-h dark cycle) conditions in the Tufts University School of Medicine animal facility. All experimental procedures were approved by the Tufts University-New England Medical Center Animal Research Committee in accordance with the Guide for Care and Use of Laboratory Animals. Food, cages, and bedding all tested negligible for estrogenicity by the E-SCREEN assay (33); water was supplied from glass bottles only. Female mice were mated with CD-1 males of known reproductive competence, and the morning on which a vaginal plug was observed was designated pregnancy d 1. On d 9 of pregnancy, mice were weighed and implanted with Alzet osmotic pumps (Alza Corp., Mountain View, CA) designed to deliver either dimethyl sulfoxide (vehicle control), 25 or 250 ng BPA/kg bw⅐d dissolved in dimethyl sulfoxide (Sigma, St. Louis, MO) for 14 d, which encompassed the remainder of the pregnancy through PND4 (n ϭ 6 -10/ treatment). Offspring born on d 20 of gestation were culled to 10 pups per mother on PND7. The actual dose decreased as pregnancy progressed because the weight of the mother increased over this period. Female offspring were killed by CO 2 inhalation on PND20 and 30 and at 4 months of age (one pup/litter, n ϭ 6 -10/treatment). For mice killed at first proestrus, vaginal smears were taken daily after vaginal opening until a proestrus smear was detected. For animals killed at 4 months of age, vaginal smears were assessed daily for 2-3 wk to assess the pattern of estrous cyclicity; these mice were killed on the afternoon of proestrus. Proestrus was confirmed by the presence of uterine ballooning.
To assess whether perinatal BPA treatment altered the response to E 2 , animals (one pup/litter) from each treatment group were ovariectomized at 25 d of age and immediately implanted with one Alzet pump delivering vehicle or 0.5 g E 2 /kg bw⅐d (n ϭ 10/group). Animals were killed 10 d after ovariectomy.
Tissue collection. One and a half hours before kill, the animals were weighed and injected ip with 5-bromo-2Ј-deoxyuridine (BrdU) (1.5 mg/ 100 g bw; Roche, Indianapolis, IN). Trunk blood was collected in heparinized tubes and plasma was separated by centrifugation and stored at Ϫ80 C until assayed for E 2 . The fourth and fifth mammary gland pairs were dissected out; the right mammary glands were whole mounted, and the left mammary glands were embedded in paraffin for light microscopy and immunohistochemistry. Mammary glands from an additional series of mice killed at first proestrus were collected under RNase-free conditions and immediately frozen for subsequent RNA isolation and RT-PCR.
Whole mounts and paraffin sections
To prepare the whole mounts, the mammary glands were spread onto glass slides, fixed with 4% paraformaldehyde in 0.1 m PBS overnight, stained with Carmine Alum (Sigma), dehydrated, and whole mounted with Permount. To prepare paraffin sections, mammary glands were fixed with 4% paraformaldehyde in 0.1 m PBS for 18 -20 h at room temperature (RT), washed in 0.1 m PBS, dehydrated through a series of alcohol and xylene, and embedded with Paraplast paraffin (Fisher, Pittsburgh, PA) under vacuum. Five-micrometer sections were cut on an RM2155 rotary microtome (Leica, Nusslock, Germany), mounted on Superfrost slides (Fisher Scientific International Inc., Hampton, NH), and stained with hematoxylin and eosin or processed for immunohistochemistry to assess DNA synthesis, apoptosis, or expression of ER␣ and progesterone receptor (PR).
Immunohistochemistry
BrdU was immunolocalized within paraffin sections of mammary glands from 30-d-old mice using the streptavidin-biotin labeling system as described previously (34) . Sections were hydrated through a series of alcohols, microwaved in 10 mm citrate buffer (pH 6) for antigen retrieval, subjected to acid hydrolysis for DNA denaturation, and treated for both endogenous peroxidase and nonspecific binding with methanol/H 2 O 2 and 2% normal goat serum in 0.01 m PBS, respectively. Sections were incubated with monoclonal BrdU antibody IgG (1:400; clone 85-2C8; Novocastra, Newcastle upon Tyne, UK) overnight in a humid chamber at 4 C. Biotinylated goat antimouse IgG (Sigma) was applied and reaction visualized by streptavidin-peroxidase-diaminobenzidine (DAB) (Sigma) to assess cellular incorporation of BrdU. Sections were lightly counterstained with Harris' hematoxylin and mounted with a glass coverslip for light microscopy.
The expression of ER␣ and PR was evaluated by immunohistochemistry in paraffin sections of mammary tissue obtained from 30-d-old mice, as previously described (35) . Using the biotin-streptavidin-peroxidase method, tissue was incubated with primary antibodies for ER␣ (1:60; mouse 6F-11 clone; Novocastra Laboratories) and PR (1:100; mouse PR-AT 4.14 clone; Affinity BioReagents Inc., Golden, CO) at 4 C for 14 -16 h, and DAB was used as the chromogen to visualize reactions. Sections were counterstained with Mayer's hematoxylin. Each immunohistochemical run included positive and negative controls. In the negative control slides, the primary antibody was replaced with nonimmune mouse serum (Sigma). To minimize spurious variation among experi-ments, each immunostaining procedure was performed in sets containing tissues from an equal number of subjects from all the experimental groups (0, 25, and 250 ng BPA/kg bw⅐d).
In situ detection of apoptosis
Apoptosis was evaluated in mammary glands from 30-d-old mice. Sections were analyzed for in situ detection of cells with DNA strand breaks using the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL) technique (ApopTag; Intergen Co., Purchase, NY) as previously described (36) . Briefly, after deparaffinization and rehydration, sections were incubated with proteinase K (5 g/ml; Intergen) for 10 min at 37 C and then treated with hydrogen peroxide PBS for 10 min at RT to quench endogenous peroxidase activity. Sections were then incubated with a mixture containing digoxigenin deoxynucleotide triphosphate, unlabeled deoxynucleotide triphosphate, and terminal dideoxy transferase enzyme in a humidified chamber at 37 C for 1 h. Subsequently slides were rinsed with PBS and incubated with antidigoxigenin-peroxidase for 30 min at RT and substrate-chromogen mixture (DAB; Sigma) for 4 min. Samples were counterstained with Mayer's hematoxylin, dehydrated, and mounted with permanent mounting medium. Negative control slides were run using exactly the same procedures, except distilled water was added instead of terminal dideoxy transferase enzyme. An involuting mouse mammary gland collected 3 d after weaning was processed in an identical manner and used as positive control.
Quantitative analysis of the expression of BrdU, ER␣, PR, and apoptosis
The incorporation of BrdU in mammary glands from 30-d-old mice was quantified using a Zeiss microscope (Carl Zeiss Inc., Gö ttinger, Germany) and a ϫ100 objective oil immersion lens. A graticule was placed in the eyepiece to quantitate the percentage of BrdU-stained cells within the epithelium per total number of cells in approximately 50 arbitrarily chosen fields per mammary gland.
Quantitative analysis of ER␣ and PR expression was performed in both epithelial and stromal compartments of the mammary gland. Two different stromal areas were defined: first, a periepithelial stroma (stroma immediately surrounding epithelial structures, composed of fibroblastic-like cells and a dense extracellular matrix) and second, adipose stroma (fatty stroma not adjacent to epithelial structures) (37) . Receptors associated with the capsule of the mammary gland were not included in the analysis.
For analysis of cells expressing ER␣ and PR, 50 representative fields (at least 1000 epithelial cells/section) in each section were analyzed using a Dplan ϫ100 objective lens. All immunostained epithelial and stromal nuclei in the defined regions, regardless of intensity, were defined as positive. Positive cells were expressed as the percent ratio of total number of epithelial or stromal cells evaluated. In tissue from 30-d-old mice, the percentage of apoptotic cells was quantified in the body cells of the terminal end buds (TEBs) at the peripheral leading edge of the advancing ductal mass, according to the methodology described by Humphreys et al. (38) .
Morphometric analysis of whole mounts
Digital images of whole mounted mammary glands were captured with a SPOT-real time digital camera (Diagnostic Instruments, Inc., Sterling Heights, MI) attached to a dissecting microscope (Carl Zeiss). Quantitative analyses of mammary glands were performed using the Optimus 6.5 program (Media Cybernetics, Silver Spring, MD). In 30-dold mice, the length of the ductal tree along its longitudinal axis, the total area of the mammary gland occupied by the epithelial ducts, and the total number and size of all TEBs were analyzed. The ductal area was determined by measuring the region defined by the outermost edges of the epithelial tree relative to the area of the entire fat pad (or the total area of the mammary gland epithelium was determined on digital images of mammary glands (for d 20: objective, ϫ1, magnified, ϫ400; for d 30: objective, ϫ0.8, magnified, ϫ400) by using the threshholding tool within Optimus, taking advantage of the greater staining intensity of the mammary gland epithelium relative to the remainder of the gland). The total number and size of TEBs were measured on digital images of the entire mammary gland (ϫ0.8 objective, magnified ϫ400); the size of the TEBs was determined by placing each structure into a size category, ranging from smallest to largest, based on its area and perimeter length.
Morphometric analysis of ductal side branching was performed on whole mounted mammary glands of 4-month-old mice. Digital images were captured using a ϫ4 objective. Side-branching evaluation was carried out using Image Pro-Plus 4.1.0.1 system (Media Cybernetics) by counting the total number of branch points along the ductal network. Results were expressed as the number of branch points per 500 m of duct length.
RNA isolation
Total RNA was isolated from whole mammary glands using TRIzol (Invitrogen Inc., Carlsbad, CA) according to the manufacturer's instructions and stored at Ϫ80 C until analyzed. RNA concentration was determined using the ratio of UV absorbance read at 260/280 nm.
Analysis of Wnt4 mRNA expression using RT-PCR
To remove genomic DNA, RNA isolated from mammary glands of 30-d-old mice was treated with DNase (Invitrogen) before performing reverse transcription with random primers and Superscript II RNase H Ϫ reverse transcriptase (Invitrogen). All of the above procedures were carried out according to the manufacturer's instructions. An aliquot of cDNA (2.9 l) from control and treated mammary glands was added to each PCR tube along with 10 l master mix (Quantitect SYBR Green PCR kit, QIAGEN Inc., Valencia, CA) containing SYBR green as the detection dye and 6-carboxy-X-rhodamine as the normalizing dye, and 1 U/tube uracil-DNA-glycosylase, heat labile (Roche Diagnostics Corp., Indianapolis, IN) to prevent DNA contamination from previous PCRs, according to the instructions of the manufacturer. Forward and reverse primers for Wnt4, GATGTGCAAACGGAACCTTGA, and GTCAC-CACCTTCCCAAAGACAG (PCR product ϭ 144 bp), respectively, were also added to the tubes. The internal control, ribosomal protein L19, was run in separate tubes using the primers: forward, ATCGCCAATGC-CAACTCC and reverse, TCATCCTTCTCATCCAGGTCA (PCR product ϭ 205 bp). Real-time PCR was performed in the MX4000 thermocycler (Stratagene, La Jolla, CA) under the following conditions: 50 C for 2 min and 95 C for 15 min, followed by 45 cycles of 95 C for 15 sec, 63 C for 30 sec, and 72 C for 30 sec.
The SYBR green fluorescence data for each sample were analyzed on the MX4000 software (Stratagene); after normalization with the 6-carboxy-X-rhodamine signal followed by baseline correction, an amplification curve was obtained to calculate the threshold cycle for each sample. Absolute standards (200 ϫ 10 3 to 390 copies/tube) for both Wnt4 and L19, prepared from purified cDNA identical with real-time PCR products, were included on each plate to ensure equal efficiency of amplification between standards and PCR products generated in sample wells. The efficiency of the PCR was more than 95% for both Wnt4 and L19 as calculated from the standard curves with R 2 ϭ 0.9861 and R 2 ϭ 0.9714, respectively. The expression of Wnt4 was then determined by interpolating the threshold cycle values of each sample from the Wnt4 standard curve and was normalized with the expression of L19 of that sample, which was calculated in the same way. An average of values obtained from three runs was used as the final result to compare Wnt4 expression between control and treated groups. Contamination by genomic DNA was assessed in each sample by running the reaction in the absence of reverse transcriptase. The purity and specificity of the PCR products was confirmed by the SYBR Green dissociation curve set up at the end of each PCR run.
RIA for plasma E 2
Steroids were extracted from 200 l of plasma using 6 ml diethyl ether (Ͼ99% pure; Sigma). Percent recovery of extraction was calculated by the addition of a fixed amount of tracer. Plasma E 2 levels were determined by RIA (DSL-39100; Diagnostic Systems Laboratories Inc., Webster, TX) following the manufacturer's instructions.
Statistics
The statistical program SPSS (SPSS, Inc., Chicago, IL) was used. Statistical analysis was performed by one-way ANOVA and significance between groups was determined by Dunn's post hoc test. In specific cases in which the data were not distributed normally, a Kruskal-Wallis test was employed and differences between the control and BPA treatment groups were assessed by Mann-Whitney U tests (39) . Results were considered significant at P Ͻ 0.05.
Results

Number, size, and area of TEBs
The period around puberty, i.e. between 20 and 30 d of age, is characterized by the reinitiation of ductal growth in the mammary glands. Estrogens play a major role in this process (40) . Bulbous TEBs (area Ͼ 0.03 mm 2 ) form at the tips of the ducts. These structures invade the stroma and mediate the longitudinal growth of the subtending ducts. When the ductal tree reaches the edge of the fat pad, the TEBs mature into a resting structure, the terminal ends, and ductal growth ceases. The number of bulbous TEBs was similar in the mammary glands of all groups at 20 d of age (Table 1 ). At 30 d of age, there was a significant increase in the number of TEBs relative to the area occupied by the ductal tree in the animals exposed to 250 ng BPA/kg bw⅐d, compared with that in the vehicle-treated controls (P ϭ 0.008), whereas the increase in the 25 ng BPA/kg bw⅐d approached significance (P ϭ 0.054) when compared with control ( Fig. 1A and Table 1) . Similarly, when these data were expressed as TEB area relative to ductal tree area, a significant increase was observed at 250 ng BPA/kg bw⅐d with respect to the vehicle-treated control (P Ͻ 0.05) (Fig. 1B and Table 1 ). The absolute number of TEBs and the total area occupied by TEBs were increased in the mammary glands of BPA-treated animals when compared with the control group (Table 1) ; however, this increase was not statistically significant. The increased number and area of TEBs relative to the ductal area in the BPA-exposed animals suggested that ductal growth might be impaired.
Analysis of epithelial ducts in whole mounts in 30-d-old animals
To assess whether ductal growth was affected at 30 d of age, two parameters were measured: the length of the ductal tree from the center of the lymph node to the leading edge and the total area covered by the ductal tree. There were no significant differences among the experimental groups regarding the area covered by the epithelial ducts of the mammary gland; however, a trend toward reduction of the ductal area was observed in the BPA-treated animals ( Table 1) . A measure of the length of the ductal tree from the center of the lymph node to the leading edge also did not show a significant difference between the control and treated groups.
The length of the ductal tree was also measured at the first proestrus. There was a positive correlation between ductal length from the center of the lymph node to the leading edge and the age at first proestrus (Fig. 2) . The slope was steepest in the controls (m ϭ 0.8822) and became reduced as the BPA dose was increased (25 ng BPA/kg bw⅐d: m ϭ 0.501; 250 ng BPA/kg bw⅐d: m ϭ 0.1249), suggesting that BPA exposure slows down ductal invasion of the stroma, a phenomenon that is regulated by estrogens. Indeed, there was a statistically significant difference between the slopes of the control and 250 ng BPA/kg bw⅐d-exposed groups (P ϭ 0.005). Moreover, the length of the ductal tree was significantly reduced in the subset of animals exposed to 250 ng BPA/kg bw⅐d, which had their first proestrus at 34 d of age or later (4.43 Ϯ 0.71 mm), when compared with the controls (10.05 Ϯ 1.63; P ϭ 0.027). Two possible underlying causes are that perinatal exposure to BPA alters either the plasma E 2 levels or the sensitivity of the mammary gland to these hormones. Measuring the plasma E 2 levels did not provide a clear-cut answer. Whereas there were no significant differences among the treatments regarding the plasma level of E 2 at proestrus (Table 1 ), E 2 levels were slightly, but not significantly, lower in the 250 ng BPA/kg bw⅐d group than the vehicle or 25 ng BPA/kg bw⅐d.
Perinatal BPA treatment alters the sensitivity of the mammary gland to E 2
To assess whether the increase in the number of TEBs/ ductal area observed at 30 d of age in animals exposed perinatally to BPA was due to altered sensitivity to E 2 , a set of animals exposed perinatally to vehicle or to 250 ng BPA/kg bw⅐d was ovariectomized at 25 d of age and treated for 10 d with pumps delivering 0 or 0.5 g E 2 /kg bw⅐d. Perinatal exposure to 250 ng BPA/kg bw⅐d significantly increased the response to 0.5 g E 2 /kg bw⅐d regarding the following parameters: total number of TEBs, total TEB area, mean TEB size, TEB number/ductal area, and TEB area/ ductal area ( Table 2 and Fig. 3 ). These findings suggest that perinatal exposure to BPA enhances the sensitivity of the mammary gland to estrogens.
Apoptotic and proliferative activity in the mammary gland
At puberty, as the TEBs become bulbous, they show both high proliferative and high apoptotic activity. Death of the body cells is essential for the formation of the lumen on the proximal side of the TEBs (38) and to the growth of the subtending duct. A large number of apoptotic cells were identified by the TUNEL method in TEBs of control mice at 30 d of age as shown in Fig. 4A . In utero exposure to BPA resulted in a significant decline in the number of apoptotic cells in TEBs of both treated groups (25 ng BPA/kg bw⅐d, P Ͻ 0.001; 250 ng BPA/kg bw⅐d, P Ͻ 0.05) relative to the controls (Fig. 4B ). This decreased apoptotic activity suggests impaired ductal growth and may explain the increased number of TEBs/ductal area.
In contrast to the strong inhibitory effect on apoptosis, BPA exposure did not affect BrdU incorporation, a marker of proliferative activity, in the epithelial compartment. On the other hand, the percentage of stromal cells that incorporated BrdU decreased by 50% (P Ͻ 0.05) in the 250 ng/kg BPA group at 30 d of age (Table 3) . Because the development of ductal structures involves remodeling of the stroma, these Ductal extension denotes the distance from the center of the lymph node to the leading edge in mm; TEB size is expressed in mm 2 . TEBs/area denotes the number of TEBs relative to the ductal area; it is expressed as number/mm 2 , and TEB area/area denotes the area (mm 2 ) occupied by the TEBs relative to the total area (mm 2 ) of the ductal tree. There were no statistically significant differences between the mice treated perinatally with 0 and 250 ng BPA/kg bw⅐d after ovariectomy for any of the parameters measured (groups A and C).
results suggest that perinatal exposure to BPA also alters stroma-epithelium interactions.
Expression of ER␣ and PR in the mammary glands
Because ER and PR are clearly involved in the pathways regulating ductal development (41, 42) , their expression was assessed at 30 d of age. Expression of ER␣ was observed in both the epithelial and stromal compartments of the mammary glands, whereas expression of PR was observed only in the epithelium. Treatment with BPA had no effect on the expression of ER␣ in the stroma or the epithelial ducts of mammary glands at 1 month of age ( Table 1 ). The number of cells expressing PR in the epithelial compartment of both treated groups was found to be significantly higher (25 ng BPA/kg bw⅐d, P Ͻ 0.001; 250 ng BPA/kg bw⅐d, P Ͻ 0.05) than in controls (Fig. 5A) . In addition, a characteristic cluster of PR-positive cells was frequently seen in the ductal epithelium of BPA-treated mice (Fig. 5B) . These clusters are believed to be indications of future branching points (43) .
Expression of Wnt4 in the mammary glands
The PR expression results described above suggested that BPA might increase lateral branching. Wnt4 expression is an important mediator of lateral branching downstream of PR (44) . Compared with the basal levels of Wnt4 seen in controls, the mean expression of Wnt4 was increased in the 250 ng BPA/kg bw⅐d group, whereas the levels in the 25 ng BPA/kg bw⅐d group remained similar to the control levels (Fig. 6) . However, this increasing trend of Wnt4 levels did not reach statistical significance at the single time point chosen for this study.
Analysis of ductal branching
As suggested by the clustering of PR positive cells at 30 d of age, an analysis of mammary gland whole mounts at 4 months of age revealed a significant increase in the number of lateral branches in mammary glands of mice treated with 25 ng BPA/kg bw⅐d (P Ͻ 0.05), whereas an increase observed in the 250 ng BPA/kg bw⅐d group was not statistically significant (P ϭ 0.09) (Fig. 7, A and B) . Interestingly, in the latter group, the data points form two clusters, one control-like and the other similar to the 25 ng BPA/kg bw⅐d dose. This plot also reveals that there is less variance among the controls than among the individual animals in the treated group (P ϭ 0.007) (Fig. 7A ).
Discussion
Prior data obtained from siblings of the animals used in the present study revealed that prenatal exposure to environmentally relevant levels of BPA resulted in alterations of the reproductive tract and mammary gland that were manifested long after exposure ended. These alterations encompassed functional changes such as alteration of estrous cyclicity observed at 3 months of age (27) ; morphological changes in the ovary, uterus, and vagina, also observed at 3 months of age (27) ; and cellular changes, such as an increase in the ER-and PR-positive cells observed in the lining of the endometrium at 3 months of age (45) . In the mammary gland, an increase in the total area of the ductal tree and increases in the number of terminal ducts, terminal ends, and alveolar buds were observed at 6 months of age (34) .
The objective of the present study was to assess whether perinatal BPA exposure also affected the development of the mammary gland at puberty, a phenomenon initiated by the rise in estrogen plasma levels. During this period, the ductal tree undergoes growth by invasion of the stroma, accrual of new cells, and lumen formation; these processes are mediated by a highly dynamic structure, the TEB. We observed a positive correlation between ductal length from the center of the lymph node to the leading edge and the age at first proestrus; the slope of this curve was significantly reduced as the BPA dose increased. At 30 d of age, the number of TEBs relative to the ductal area increased significantly in animals exposed perinatally to BPA. Whereas the distal aspect of the TEB is the invasive organ, the solid primordium of body cells near the neck is involved in the formation of the subtending duct and its lumen, a process that is manifested by a high apoptotic rate (38) ; the ductal lumen is formed as a consequence of this apoptotic activity. A large and significant decrease in the number of apoptotic cells was observed within the TEBs in animals of both BPA-treated groups. Hence, decreased cell death may be the factor underlying the impaired ductal elongation and the increased number and area of TEBs per ductal area in the BPA-treated animals. Cell proliferation, instead, seemed to be unaffected because no significant changes in the BrdU labeling index of epithelial cells were observed. However, a significant decrease of the labeling index of stromal cells was found in animals exposed to 250 ng BPA/kg bw⅐d. Because mammary gland morphogenesis is mediated by complex stromal-epithelial interactions, this result suggests that BPA also affects the stromal compartment and may disrupt important stromal-epithelial interactions.
The morphological changes found in 30-d-old animals exposed perinatally to BPA could be attributed, at least in part, to an increased sensitivity to estrogens. Indeed, the magnitude of the response to E 2 was significantly enhanced in their siblings that were ovariectomized and exposed to E 2 for 10 d. In particular, a significant increase in the number and area of TEBs relative to the ductal area was observed in these ovariectomized E 2 -treated animals as well as in their intact siblings that were exposed perinatally to BPA. Although it seems counterintuitive that E 2 would decrease ductal growth, we observed that the response of the normal mammary gland to E 2 is biphasic, with low doses producing a larger effect than higher doses (Vandenberg L., personal communication). This nonmonotonic behavior was also observed regarding the percent area of the mammary gland occupied by the ductal tree (46) . Alternatively, BPA may affect ductal growth by acting on other yet-unknown end points in addition to increasing the sensitivity to estrogens. Indeed, recent evidence indicates a complex interaction among E 2 , IGF-I, and progesterone on ductal morphogenesis (47) .
Progesterone is the main mediator of lateral branching and alveolar growth, a fact clearly illustrated by the PR null mutant mice (48) . Perinatal BPA exposure resulted in a significant increase in the number of epithelial cells expressing PR. This finding may result from the observed increased estrogen sensitivity of the mammary gland in BPA-exposed animals. In these animals, the ductal PR-positive cells often formed clusters. Lateral branching points and alveoli originate in these clusters (49) . In the normal mammary gland, the transition from uniform PR expression to PR clustering takes place between 8 and 12 wk of age (49) . Wnt 4 expression is a crucial event downstream from PR signaling in the lateral branching process (44) . Perinatal BPA exposure resulted in increased wnt4 mRNA levels at puberty, the only time point assayed; however, this increase did not reach significance. Nevertheless, morphometric analysis of the mammary glands at 4 months of age clearly revealed an increase in the number of lateral branches in the animals exposed to BPA.
These observations suggest that perinatal exposure to BPA significantly enhances the response to estrogens and increases the expression of PR. Furthermore, it suggests that the increased expression of PR may be the mechanism underlying the enhanced side branching observed at 4 months of age and the significant increase in the percentage of alveolar buds observed at 6 months of age (34) .
The mechanisms by which BPA affects the morphology of the mammary gland long after the period of exposure are largely unknown. One pathway may involve the direct action of BPA on the fetal mammary gland by altering the expression of genes that regulate mesenchymal-epithelial interactions and ductal morphogenesis (50) . Misexpression of these genes has been associated with mammary gland dysgenesis and carcinogenesis (51) . E 2 regulates certain homeobox genes (51-53); thus, it is plausible that BPA may also have this effect.
Prenatal exposure to DES down-regulates the expression of Wnt7a in the uterus (54) and AbdB Hoxa in the mü llerian duct (55) and induces a posterior shift in Hox gene expression and homeotic anterior transformations of the reproductive tract (56) , and this correlates with structural abnormalities of these organs. The observation that the response to E 2 was enhanced in ovariectomized animals exposed perinatally to BPA is compatible with this scenario. An additional pathway by which BPA may indirectly affect mammary gland development is by disrupting the hypothalamic-pituitary-ovarian axis. This would alter the secretory patterns of pituitary and ovarian hormones, which are important in postnatal mammary gland morphogenesis. The observations that perinatal exposure of rats to low-dose BPA reduces serum LH levels after ovariectomy in adulthood (57), disrupts estrous cyclicity, and results in morphological changes in the ovary (27) support the potential for alterations in the hypothalamuspituitary-ovarian axis of BPA-exposed offspring.
What are the implications of these findings regarding human health? Surrogate animal models provide an understanding of human diseases. Although the relationship between the two is not always direct, surrogate models are most useful when used to develop hypotheses linking exposures and health outcomes. They also increase our understanding of the mechanisms underlying these pathologies. For instance, the mouse model has proven to be a generally outstanding model of human DES exposure, thus providing a means to understand the mechanisms underlying the DES syndrome. This excellent performance strengthens the human relevance of the current findings in mice. Within this context, it is useful to speculate how the findings described here may also apply to humans. On the one hand, exposure to estrogens is a main risk factor for the development of breast cancer in humans and also increases the development of mammary cancer induced by chemical carcinogens in rodent models (58) . Thus, the increased sensitivity to E 2 suggests that prenatal exposure to BPA may increase the likelihood of neoplastic development. On the other hand, TEBs are the structures in which mammary cancer originates in both rodents and humans (59, 60) . The increase in the number of TEBs/ductal area is also consistent with an increased risk of breast cancer. Another well-established risk factor for breast cancer is increased mammographic density. Mammographic density is attributed to an increased epithelial compartment and increased nonadipose stroma. The mammary glands of BPA-exposed animals contained significantly more ducts due to lateral branching at 4 months of age. Previous data obtained from sisters of animals in this study revealed that at 6 months of age, the number of all the epithelial structures were significantly increased (34), including terminal ducts, i.e. the structures in which neoplasia originates in adult animals (59) . These correlations suggest that perinatal exposure to BPA in particular, and to estrogens in general, may increase susceptibility to breast cancer. This hypothesis is being further tested in our laboratories.
